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Amplified fragment length polymorphism an
mitochondrial sequence data detect genetic
differentiation and relationships in endangered
southwestern U.S.A. ambersnails (Oxyloma spp.)

Mark P. Miller, Larry E. Stevens, Joseph D. Busch, Jeff A. Sorensen, and
Paul Keim

Abstract: The Kanab ambersnail (Oxyloma haydeni kanabensis) is a federally endangered mollusc currently known to
reside in two locations in the southwestern U.S.A. To determine the extent of within- and between-population genetic
variation of this taxon, the amplified fragment length polymorphism (AFLP) technique was used to generate 110 genetic
markers among individuals sampled from the two Kanab ambersnail populations and from the only two known south-
western populations of the Niobrara ambersnail (Oxyloma haydeni haydeni) in Utah and northern Arizona. Additional
information was obtained from sequence data of cytochrome b and cytochrome oxidase I gene fragments. Results sug-
gest high levels of differentiation among populations, as evidenced through the application of UPGMA (unweighted
pair-group method with arthimetic averaging) clustering, F statistics, and Fisher’s exact test. Various levels of within-
population genetic diversity were observed among populations. Expected heterozygosities ranged from 0.239 to 0.086
under a model assuming Hardy—Weinberg genotypic proportions and ranged from 0.205 to 0.061 under an obligate-
selfing completely homozygous model. Results from cluster analyses showed that one Kanab ambersnail population and
one Niobrara ambersnail population were more similar than the two Kanab ambersnail populations studied (supported
by >80% of bootstrap replicates). These findings were further supported through the phylogenetic analysis of both mi-
tochondrial gene fragments. The data suggest that taxonomic designations need revision, an act that will likely affect
the protected status of some of the populations.

Résumé : Le gastropode Oxyloma haydeni kanabensis est sur la liste fédérale des espéces menacées de mollusques et
il habite en deux endroits dans le sud-ouest des Etats-Unis. Pour déterminer 1’ampleur de la variation génétique au sein
des populations et entre les populations de ce taxon, nous avons procédé a la technique du polymorphisme de la lon-
gueur des fragments amplifiés (AFLP) pour générer 110 marqueurs génétiques parmi les individus échantillonnés dans
les populations d’0. h. kanabensis et des deux seules populations connues d’Oxyloma haydeni haydeni du Utah et du
nord de ¥ Arizona. Des informations additionnelles ont été obtenues & partir de données sur les séquences des frag-
ments des genes cytochrome b et cytochrome oxydase L. Les résultats indiquent des différences importantes entre les
populations, comme 1’ont révélé les techniques de regroupement UPGMA, les valeurs de F et le test de Fisher. Divers
niveaux de diversité génétique ont été observés au sein de chaque population. L'hétérozygotie théorique se situait entre
0,239 et 0,086 d’aprés un modele basé sur les proportions génotypiques Hardy—Weinberg, et se situait entre 0,205 et
0,061 d’aprés un modele 2 autofécondation obligée complétement homozygote. Les résultats des analyses de groupe-
ments indiquent qu’une population d’O. . kanabensis et une population d’O. h. haydeni sont ires semblables que les
deux populations étudier d’O. h. kanabensis (d’aprés plus de 80 % de bootstraps répétés). Ces résultats sont de plus
confirmés par une analyse phylogénétique des deux fragments de génes mitochondriaux. Nos données semblent indi-
quer que les appellations taxonomiques nécessitent d’étre révisées, un processus qui affectera sans doute le statut pro-
tégé de certaines des populations.

[Traduit par la Rédaction]

Introduction ently known from two springs in the southwestern U.S.A.
(Pilsbry and Ferriss 1911; Pilsbry 1948; Spamer and Bogan

The Kanab ambersnail (KAS; Oxyloma haydeni kanabensis) 1993). This taxon is restricted to Three Lakes (3L) near
is a federally endangered succineid land snail that is pres- Kanab, Utah, and Vaseys Paradise (VP) in Grand Canyon

Received June 22, 1999. Accepted June 28, 2000.

M.P. Miller,! J.D. Busch, and P. Keim. Department of Biological Sciences, Box 5640, Northern Arizona University, Flagstaff,
AZ 86011-5640, U.S.A.

L.E. Stevens. Grand Canyon Monitoring and Research Center, P.O. Box 22459, Flagstaff, AZ 86002-2459, U.S.A.

J.A. Sorensen. Arizona Game and Fish Department, 2221 West Greenway Road, Phoenix, AZ 85023, US.A.

! Author to whom all correspondence should be sent at the following address: Department of Biology, Arizona State University,
P.O. Box 871501, Tempe, AZ 85287-1501, U.S.A. (e-mail: Mark. Miller2 @asu.edu).

Can. J. Zool. 78: 1845-1854 (2000) © 2000 NRC Canada
563

MoY¥9a



1846

<

Can. J. Zool. Vol. 78, 2000

Fig. 1. Map of the locations of the four southwestern U.S.A. ambersnail populations studied.
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National Park, Arizona (Fig. 1). KAS was proposed for emer-
gency listing as an endangered species in 1991 (U.S. Fish
and Wildlife Service 1991a, 1991b) and was subsequently
listed in 1992 (U.S. Fish and Wildlife Service 19924, 1992b).
One additional KAS population formerly occurred in the
Kanab, Utah, area but was apparently extirpated by desicca-
tion of its habitat (Clarke 1991; U.S. Fish and Wildlife Ser-
vice 1995). The 3L population in Utah occurs on a privately
owned site. Neither the KAS nor any other Oxyloma species
were observed at more than 125 other springs in the Grand
Canyon region surveyed from 1991 to 1996 (Sorensen and
Kubly 1997, 1998; Stevens et al. 1997a?%), except for the
Niobrara ambersnail (NAS; Oxyloma haydeni haydeni),
which was present at Indian Gardens (IG) in Grand Canyon
National Park and at -9 Mile Spring (-9M) upriver from
Lees Ferry, Arizona (Fig. 1). While NAS occurs widely at
latitudes from ~35° to 55°N (Harris and Hubricht 1982), the
IG and —9M populations were not discovered until 1995 and
1996, respectively (L.E. Stevens and J.A. Sorensen, personal

communication), and are the only NAS populations currently
known in the southwestern U.S.A.

The objective of this study was to provide resource manag-
ers with information on levels of within- and among-population
genetic variation of both endangered and nonendangered south-
western ambersnails. To accomplish this, the amplified frag-
ment length polymorphism (AFLP) procedure (Vos et al.
1995) was used to generate molecular markers for analysis.
Population-level relationships were also characterized using
the AFLP data and DNA sequence information from regions
of the cytochrome b (Cyth) and cytochrome oxidase subunit
I (CoxI) genes.

Materials and methods

DNA isolation

DNA was isolated from snail foot tissue using a modification of
the procedure described by Miillenbach et al. (1989). Specimens
used for analysis were collected during the 1996 or 1997 growing

2LE. Stevens, FR. Protiva, D.M. Kubly, V.J. Meretsky, and JR. Petterson, 1997a. The ecology of Kanab ambersnail (Succineidae: Oxyloma
haydeni kanabensis Pilsbry, 1948) at Vaseys Paradise, Grand Canyon, Arizona. Report of the Glen Canyon Environmental Studies Program,

U.S. Bureau of Reclamation, Flagstaff, Ariz.
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season with permission from the U.S. Fish and Wildlife Service.
Tissue was homogenized in a 1.5 ml microcentrifuge tube con-
taining 460 WL extraction buffer (10 mM Tris, 50 mM EDTA, 1%
SDS) followed by the addition of 30 uL proteinase K (10 mg/mL)
and 10 pL DTT (0.1 M). Samples were incubated at 55°C for 2 h,
after which 214.5 ul. 5 M NaCl was added. Samples were further
incubated for another 30 min at 55°C prior to pelleting cellular debris
by centrifugation for 10 min at 12 000 rpm. After centrifugation,
600 pL of the supernatant was removed to a new microcentrifuge
tube and mixed with an equal volume of chloroform. Samples were
then incubated on an orbital shaker at 100 rpm for 30 min and cen-
trifuged at 12 000 rpm for 10 min, after which 460 pL of the aque-
ous phase was removed and mixed with 460 pL of isopropanol.
Samples were incubated at room temperature on an orbital shaker for
S min to precipitate DNA, which was then collected via centri-
fugation at 12 000 rpm for 15 min. After a wash with 70% ethanol,
pellets were resuspended in 50 uL TE (10 mM Tris, 0.1 mM
EDTA, pH 8). DNA quantity and quality were evaluated visually
on a 0.7% agarose gel through the use of ethidium bromide staining.

AFLP procedure

Genetic marker polymorphisms were resolved using the general
procedure of Vos et al. (1995) with modifications described below.
Analyses were conducted on 17 specimens from 3L, 23 specimens
from IG, 21 specimens from VP, and 22 specimens from —9M.
Restriction-ligation (RL) reactions were conducted using 50-500 ng
template DNA in Ix RL buffer (10 mM Tris-acetate, 10 mM mag-
nesium acetate, 10 mM potassium acetate, 5 mM DTT, pH 71.5)
with 5 U of both EcoRI and Msel. Samples were digested for 1 h at
37°C, followed by the addition of ligation reagents (1x RL buffer,
0.2 mM ATP, 1 U T, ligase, 5 pmol each of Keygene adapters
91M35 and 91M36 for EcoRI overhangs, 50 pmol each of Keygene
adapters 92A18 and 92A19 for Msel ends). Ligation reactions were
incubated at 37°C for 3 h and then diluted 1:10 in TE in prepara-
tion for polymerase chain reaction (PCR).

The first selective PCR was conducted using the methods de-
scribed in Travis et al. (1996) with adenine as the selective nucle-
otide. The second selective amplification was conducted using the
following selective nucleotides: EcoACG-MseACG, EcoACC-
MseACC, EcoACC-MseAGC, EcoAGC-MseACC, EcoAGC-MseAGC.
EcoRI + 3 primers were radiolabeled in a 25 pL kinase reaction
containing 250 ng EcoRI + 3 primer, 5 U T4 polynucleotide
kinase, 50 uCi [y—?P]JATP (1 Ci = 37 Gbq), 70 mM Tris-HCI
(pH 7.6), 10 mM MgCl,, 100 mM KCl, and | mM 2-mercapto-
ethanol. Kinase reactions were incubated at 37°C for 30 min, fol-
lowed by 10 min at 72°C. PCR followed in 1041L reactions contain-
ing 2.5 ng labeled EcoRI + 3 primer, 15 ng Msel + 3 primer,
20 mM Tris-HCI (pH 8.4), 50 mM KCl, 1.5 mM MgCl,, 0.2 mM
dNTP, 0.5 U Tag DNA polymerase, and 2.5 pL of a 1:20 dilution
of template DNA from the first selective amplification. Cycling pa-
rameters for this reaction were the same as those in Travis et al.
(1996). Gel analysis followed according to the methods of Vos
et al. (1995) with the modifications given in Travis et al. (1996).
Data were collected by recording the presence or absence of poly-
morphic markers for each individual; data were pooled over all
markers and primer combinations used. Sizes of markers were esti-
mated on the basis of their comparison with markers generated
from a sequencing reaction of bacteriophage M13.

DNA sequencing

To further resolve the phylogenetic relationships of the four
populations studied, sequence data were obtained from the Cox/
and Cytb genes of two individuals from each of the four southwest-
ern ambersnail populations. PCR primers were designed for ampli-
fication and subsequent sequencing reactions of a 263-bp region of
the CoxI gene. These oligonucleotides were based on alignments of
mitochondrial DNA sequences from three species of pulmonates
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with sequence data published in GenBank: Albinaria coerulea,
Cepaea nemoralis, and Euhadra herklotsi (accession numbers
X83390, U23045, and Z71693, respectively). The complete mito-
chondrial DNA sequences for C. nemoralis and A. coerulea were
determined previously (Terrett et al. 1996 and Hatzoglou et al.
1995, repectively), while much sequence information exists for
E. herklotsi (Yamazaki et al. 1997). Primers for the Cox/ gene
were S-CTTRTTTTGATTTTTTGGTC-3 and 5-GYCAMCTAA-
AJACTTTAATMCC-3. PCR amplification was conducted in
50-uL reactions containing 1x PCR buffer (BRL), 2 mM MgCl,,
200 uM dNTPs, 0.4 pmoluL primers, 1 U Taq DNA polymerase,
and 25 ng template DNA. Thermal cycling was performed in an
MJ research Mini-cycler using 35 cycles of the following steps: 94°C
for 30 s for denaturation, 55°C for 30 s for annealing primers, and
72°C for 30 s for fragment extension. A ~410-bp region of the
Cyth gene was amplified and sequenced using the universal mol-
luscan primers (UCytb151F and UCyb270R) designed by Merritt
et al. (1998). Amplification of this gene was accomplished as
above, except that only 0.1 pmolfuL of each primer was used in
each reaction and the MgCl, concentration was increased to
2.5 mM. Thermal cycling was performed using an initial incuba-
tion at 94°C for 2 min followed by 40 cycles consisting of: 10 s at
94°C for denaturation, 10 s at 45°C for annealing primers, and 10 s
at 72°C for product extension. All PCR products were purified us-
ing Qiagen PCR purification spin-columns following the procedure
specified by the manufacturer. Sequencing took place using an Ap-
plied Biosystems, Inc. Model 377 automated fluorescent sequencer.
Reactions were conducted for both strands of the PCR amplicon,
using BigDye di-deoxyribonucleotide terminators (Applied Bio-
systems, Inc.) and following the manufacturer’s protocols, except
that the annealing temperatures of the sequencing reactions of the
CoxI and Cytb fragments were changed to 55 and 45°C, respectively.

Data analyses

AFLP data

A graphical representation of within- and between-population
relationships of individuals was obtained using UPGMA (unweighted
pair-group method with arithmetic averaging) cluster analysis, which
was performed using NTSYS-pc (Rohlf 1993). This procedure was
conducted on the half-matrix of all pairwise genetic similarities of
individuals in the data set quantified using the Dice coefficient
(Dice 1945).

Additional information about genetic diversity and population
structuring of Oxyloma in the southwestern U.S.A. was obtained
using the program Tools for Population Genetic Analyses (TFPGA)
(Miller 1997). Many analyses relied on the use of an allele-frequency
estimator described by Lynch and Milligan (1994), which was cal-
culated by TFPGA. Use of this estimator required the assumption
that each population was in Hardy-Weinberg equilibrium and that
each genetic marker was from a Mendelian-segregating locus. Many
cases of land-snail populations displaying Hardy—Weinberg genotypic
proportions exist in the literature (for example, McCracken and
Brussard 1980; Schilthuizen and Lombaerts 1994), however, other
studies have reported cases of extreme heterozygote deficiencies
(Boato 1988; Lazaridou-Dimitriadou et al. 1994). For this reason,
the assumption of Hardy—Weinberg equilibrium may be unrealistic
in this system. All pulmonate snails are hermaphrodites (Tompa
1984), and selfing has been documented in multiple succineid taxa
(Patterson 1970; Bayne 1974) including Oxyloma retusa and Oxyl-
oma salleana (Patterson 1970). The extent that selfing could re-
duce observed heterozygosity in natural populations of O. haydeni
is unknown. Because the use of dominant AFLP markers did not
permit explicit testing for Hardy-Weinberg genotypic proportions,
all allele frequency based analyses were also performed under the
assumption that selfing is obligatory in the populations studied, re-
sulting in the presence of individuals that are completely homo-
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Table 1. Genetic diversity within the four popula-
tions of Oxyloma haydeni studied.

Population Hyw Hyom
Three Lakes (3L) 0.2338ac 0.1749ab
Indian Gardens (IG) 0.2111ab 0.2052a
Vaseys Paradise (VP) 0.1648b¢ 0.1184b
-9 Mile Spring (-9M) 0.0858 0.0608

Note: Hy,, refers 1o the average expected heterozygosity
for each population when allele {requencies were estimated
assuming Hardy-Weinberg genotypic proportions. Hy,,
refers to the average expected heterozygosity for each
population when allele frequencies were estimated assuming
cach individual was homozygous at each AFLP locus.
Values of Hyy, or Hy,,, followed by common letters are not
significantly different at the o = 0.0125 level.

zygous at all loci examined. This approach provided estimates of
within- and among-population genetic variances under two extreme
cases (Hardy-Weinberg equilibrium and complete homozygosity).
while realizing that the true values are likely somewhere in be-
tween those actually obtained from the analyses.

Allele-frequency estimates were used to characterize levels of
within-population genetic diversity as calculated by Nei’s (1978)
unbiased expected heterozygosity (H). Estimates of H were calcu-
lated from allele-frequency estimates obtained from the Lynch and
Milligan (1994) estimator (Hyy,) and the complete homozygosity
model (Hy,,) described above. Tests for differences in Hyy or
Hyom were performed for each pair of populations using a one-
sample ¢ test conducted on the difference in H (AH) observed at
each locus. These analyses, which were evaluated at the o0 = 0.0125
level to correct the Type I error rate, tested the null hypothesis AH = 0.

The distance measure of Nei (1978), appropriate for use in situ-
ations where both drift and mutation are in effect (Weir 1996), was
applied to each pairwise combination of populations. These dis-
tances were also represented graphically using the UPGMA proce-
dure of TFPGA. Additionally, the relative robustness of each node
in this four-population dendrogram was evaluated using a boot-
strapping procedure over loci (1000 replicates) that recorded the
proportion of times that patterns observed in the original UPGMA
dendrogram appeared in bootstrap data sets. This analysis was
performed under both of the genotype frequency assumption sets
described above.

Two statistical methods were used to estimate the proportion of
among-population genetic variation. First, Weir and Cockerham’s
(1984) theta (6), an unbiased estimator of Wright’s (1978) Fg, was
calculated by TFPGA and used to test for differences in allele fre-
quencies among the four populations studied. Estimates of 6 were
obtained for both of the genotype frequency assumption sets de-
scribed above, resulting in the calculation of 6w and 6y, Ninety-
five percent confidence limits of 0 estimates were obtained from a
bootstrap procedure in which 10 000 new data sets were constructed
by resampling with replacement over loci. Confidence limits for 6
that did not overlap with O (no evidence for differentiation of pop-
ulations) were interpreted as evidence for significant differences
of allele frequencies among populations. Second, an analysis of
molecular variance (AMOVA) was conducted using WINAMOVA
(Excoffier et al. 1992) to test for the presence of population struc-
ture. The distance measure used for this analysis was calculated as
distance = 1 — similarity, where the similarity measure was the
Dice coefficient referred to above. Variation in marker-phenotype
distances was used to calculate ®st, another Fgp analog. Departure
of the estimate of among-population variation (@st) from random
expectations was evaluated using a permutational test consisting of
1000 replicates. In addition, a Markov chain Monte Carlo variation
of Fisher’s exact test based on the Metropolis algorithm (Metropo-
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lis et al. 1953) was used to test for locus-specific differences in
marker-phenotype frequencies (rather than allele frequencies) of
the four populations studied. This procedure, described by Ray-
mond and Rousset (1995) and performed by TFPGA, obtained an
unbiased estimate of the exact p value. Data for each locus were
analyzed as 4 x 2 contingency tables (4 populations and 2 marker
states per locus) to test for overall differences in marker-phenotype
frequencies at each locus among populations. Additionally, all pair-
wise combinations of populations were compared at each locus (all
possible 2 x 2 tables). Fisher’s combined probability test (Fisher
1954; Sokal and Rohlf 1995) was used in both cases to generate
global estimates of the significance over loci. P-value estimates for
each contingency table were obtained using 25 batches of 2000
permutations per batch (50 000 total permutations) and an initial
1000-step dememorization procedure. The use of batching permit-
ted calculation of standard errors of p-value estimates.

Sequence data

After gels were run, sequences were aligned and edited manu-
ally using Sequence Navigator (Applied Biosystems, Inc.). Be-
cause of the highly degenerate nature of the Cytb primers used,
data from 5’ ends of the sequence data were frequently difficult to
interpret unambiguously. As a result, only 356 bp of internal se-
quence information was used for analyses. Aligned and edited se-
quence data were entered into MegAlign (Lasergene), which was
used to create input files for PAUP 3.0 (Swofford 1991). In PAUP,
sequence data were analyzed via maximum parsimony using ex-
haustive searches. Additional support for tree topologies was ob-
tained though the use of a bootstrap procedure consisting of 100
bootstrap replicates.

Resuits

AFLP patterns

Overall, the AFLP procedure detected 110 scoreable poly-
morphic markers using five primer combinations. The num-
ber of variable fragments ranged from 16 to 28 per primer
combination. In all cases, the number of monomorphic DNA
fragments from each gel (range 4-10) was less than the
number of variable markers.

Genetic diversity

Diversity estimates varied for each of the populations stud-
ied (Table 1). Based on the analyses, the 3L and IG popula-
tions appeared to contain the most genetic variation (3L:
Hyw = 0.2338, Hy,, = 0.1749; 1IG: Hyyw = 0.2111, Hy,,, =
0.2052). Diversity estimates did not differ significantly be-
tween these two populations. VP contained intermediate lev-
els of diversity (Hyw = 0.1648, Hy,, = 0.1184). Hyy for
this population did not differ from comparable estimates ob-
tained for the 3L and IG populations, however, Hy,, was
significantly lower in the VP population than in the IG popu-
lation (P = 0.0014). Diversity estimates were lowest at -9M
(Hyw = 0.0858, Hy,,y, = 0.0608); both Hyy and Hy,, were
significantly lower for this population than for all the other
populations examined.

Population structure

All analyses conducted suggest high levels of differentia-
tion of the four populations studied. The UPGMA dendro-
gram obtained from the analysis of all individuals in the data
set showed that individuals from each population are much
more similar to other individuals from that population than

© 2000 NRC Canada
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Fig. 2. UPGMA dendrogram of Dice similarity coefficients cal-
culated for the 110 AFLP markers generated from the 83 snails
studied. Note that the Three Lakes (3L.) and Vaseys Paradise
(VP) populations are currently identified as Oxyloma haydeni
kanabensis, while the Indian Gardens (IG) and ~9 Mile Spring
(-9M) populations are identified as O. h. haydeni.
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they are to individuals from other populations (Fig. 2). Four
main clusters were produced, and while each individual had
its own unique AFLP marker profile, snails from the same
population invariably clustered together. Additionally, the tree
produced by the cluster analysis of distances of each popula-
tion (Fig. 3) yielded a similar topology. Bootstrap values ob-
tained from this analysis show that the 3L and IG populations
clustered together >80% of the time, an unexpected result,
considering that these two populations are currently consid-
ered to be different subspecies. Genetic distances calculated
for each pair of populations ranged from ~0.27 to 0.38 when
Lynch and Milligan’s (1994) allele-frequency estimator was
used. Distances were greater, ranging from 0.36 to 0.48,
when individuals were assumed to be homozygous.

Results from F statistics and AMOVA analyses provided
quantitative evidence to support the UPGMA dendrograms.
The overall 0 estimates were high and confidence intervals
(CIs) did not overlap with 0 (8w = 0.59, upper CI = .64,
lower CI = 0.54; 6,, = 0.68, upper CI = 0.72, lower CI =
0.64). The estimate of ®st was 0.69 (p < 0.001). All the ap-
proaches, despite having different assumption sets, indicated
that most of the total genetic variation could be accounted
for by the partitioning of individuals into populations.

Contingency-table analyses yielded similar results. Analy-
ses of each 4 x 2 table from each locus showed that only 1
of the 110 markers examined did not significantly differ
among populations at the o = 0.05 level. Use of Fisher’s
combined probability test over loci showed highly significant
overall differentiation (x> = 2189, df = 220, p < 0.0001), a
result consistent with the high values observed from F statis-
tics and AMOVA analyses. Additionally, results from all
pairwise comparisons of populations showed that each popu-
lation significantly differed in marker frequencies from all
other populations (Table 2). Between 55 and 67 markers
were significantly different at the oo = 0.05 level in compari-
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Fig. 3. UPGMA dendrogram of Nei’s (1978) genetic distances
calculated for each pairwise combination of populations in this
study. Allele-frequency estimates used in genetic-distance calcu-
lations were obtained from the estimator of Lynch and Milligan
(1994), which assumed Hardy—Weinberg equilibrium. A compa-
rable analysis performed assuming that individuals were com-
pletely homozygous (see text for details) gave the same topology
but had greater clustering distances (node 1, 0.3605; node 2,
0.4453; node 3, 0.4581). Note that the Three Lakes and Vaseys
Paradise populations contain Oxyloma haydeni kanabensis while
the Indian Gardens and -9 Mile Spring populations contain

O. h. haydeni. Percentages associated with nodes refer to the
proportion of 1000 bootstrap replicates over loci that resulted in
the formation of a cluster similar to ones shown above.
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sons (listed here only as an indicator of differentiation), and
overall p values were all <0.0001 (x* values ranged from
1076 to 1216, df = 220). In all contingency table analyses,
standard errors of p-value estimates were <0.005.

Mitochondrial sequence data

Analysis of the CoxI and Cytb genes provided 263 and
356 bp of data, respectively. No variation between the two
individuals sequenced from each population was detected for
the CoxI gene, however, considerable variation existed among
populations. In total, 14 of the 263 CoxI positions (5.3%)
were polymorphic (Table 3); all were synonymous differ-
ences. GenBank accession numbers for the Coxl sequences
of the 3L, IG, -9M, and VP samples are AF129471,
AF129472, AF129473, and AF129474, respectively. Data on
polymorphic nucleotides from the Cyzb gene are listed in Ta-
ble 4. The -9M, IG, and VP populations did not vary be-
tween the two individuals sequenced from each population,
however, a single transition mutation was found between the
two individuals sampled from 3L. In total, 23 additional
Cytb positions (6.5%) varied among populations. Of these
polymorphisms, four resulted in changes in polypeptide se-
quences. In addition, the single nucleotide difference be-
tween the two individual samples from 3L also resulted in
an amino acid change. GenBank accession numbers for the
Cytb sequences of the two 3L haplotypes are AF129466 and
AF129467 and of the IG, -9M, and VP samples are
AF129468, AF129469, and AF129470, respectively.

© 2000 NRC Canada
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Table 2. Results from all pairwise analyses of populations using Fisher's exact test.

Three Lakes

Vaseys Paradise

Indian Gardens -9 Mile Spring

No. of No. of No. of
x ad p markers X daf  p markers X’ daf  p markers X°  df p
Three Lakes — —  —
Vaseys Paradise 1216 220 <0.0001 60 — —  —
Indian Gardens 1076 220 <0.0001 59 1214 220 <0.0001 67 - —
-9 Mile Spring 1167 220 <0.0001 58 1148 220 <0.0001 55 1204 220 <0.0001 56 —_— = —

Note: P values below the diagonal are the overall results from the use of Fisher’s combined probability test over loci. No. of markers are the number
of markers that significantly differed in frequency between the two populations at the o = 0.05 level (values presented only to serve as an indicator of

differentiation).

Table 3. ldentities of the 14 polymorphic CoxI nucleotides observed out of the 263 sequenced.

Nucleotide position

Population 021 057 087 090 114 141 147 159 162 174 180 201 222 240
Three Lakes C G G A A G A T G A G T T T
-9 Mile Spring T A - G - - - - - - - - A C
Indian Gardens - A A - - - - - - - — - - -
Vaseys Paradise = — A - G G A G A A G A C - C

Note: Dashes indicate the presence of nucleotides identical to those in the Three Lakes individuals.

The single most parsimonious phylogenies for the popula-
tions, based on each of the two gene sequences, are shown
in Fig. 4. Using the Cox/ data produced a tree consisting of
14 steps with a consistency index of 1. Cytb data generated a
phylogeny consisting of 27 steps; the consistency index for
this tree was 0.963. The relationships of the populations ob-
tained from the sequence information is in general agree-
ment with the pattern of population similarities elucidated
by the UPGMA clustering of the AFLP data. More specifi-
cally, both suggest the relatively close relationship of the 3L
and IG populations.

Discussion

Within-population genetic variation

The AFLP data suggest the presence of considerable dif-
ferences in within-population genetic variation among the
four populations surveyed (Table 1). One KAS population
(3L) and one NAS population (IG) contained the highest
levels of diversity, while the NAS population at ~9M had
significantly less variation than the other three populations
examined. Intermediate-diversity estimates were found for
the VP population; Hyy for this population was not signifi-
cantly lower than values observed for the populations at 3L
and IG, however a significant reduction of Hy,, was ob-
served relative to IG.

Multiple explanations can be invoked to account for the
patterns of within-population diversity observed in the anal-
yses. Perhaps one main mechanism could involve the actual
locations of the populations in question. For example, the
lowest levels of diversity were observed at -9M (Table 1), a
site immediately adjacent to the Colorado River (Fig. 1) and

only a few feet above normal-flow water level. This popula-
tion is located downslope from the level of the historical
mean annual peak flow of 2550 m3/s that occurred in the
Colorado River prior to the construction of the Glen Canyon
Dam in 1963 (Sorensen and Kubly 1997). Before dam con-
struction, this location was likely exposed to frequent flood-
ing events that would have completely covered the entire
population. These snails generally drown in <8 h in warm
water under laboratory conditions and can survive no more
than 2-3 days when submerged in cold well-oxygenated wa-
ter (L.E. Stevens, personal communication). If few -9M in-
dividuals survived each flood, then it is plausible that overall
genetic diversity was reduced, owing to severe bottlenecks
as a result of naturally occurring disturbances. Like —9M,
VP is also situated along the Colorado River. Most of the
snail habitat at this site, however, is vegetation growing on
the vertical surface of the canyon wall well above the river.
A 1275 m*/flood in 1996 destroyed ~16% of the primary
ambersnail habitat at VP (Stevens et al. 19975)3, and while
the peak historical flood (8500 m?/s in 1884: O’Connor et al.
1994) undoubtedly removed much of the snail’s habitat, it
would not have reached the upper-elevation habitat there.
Therefore, bottleneck events as a result of flooding may be
responsible for the intermediate levels of genetic diversity
seen at Vaseys Paradise, and may play an important role in
ambersnail genetic diversity along other streams.

In contrast with those at ~<9M and VP, the populations at
3L and IG appear to contain high levels of genetic diversity.
These are both spring-fed sites that are not subject to large
seasonal runoff. Suitable Oxyloma habitat at 3L has extended
over an area 1.3 km long and up to 90 m wide; population-
size estimates have exceeded 100 000 individuals (U.S. Fish

3L.E. Stevens, V.J. Meretsky, D.M. Kubly, J.C. Nagy, C. Nelson, J.R. Petterson, F.R. Protiva, and J.A. Sorensen, 1997b. The impacts of an
experimental flood from Glen Canyon Dam on the endangered Kanab ambersnail at Vaseys Paradise, Grand Canyon, Arizona. Final Report,

Grand Canyon Monitoring and Research, Flagstaff, Ariz.
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and Wildlife Service 1992a). IG contains <150 m? of pri-
mary habitat and supports considerably fewer individuals
(L.E. Stevens, personal communication). The fact that high
levels of nuclear genetic variation exist within these two
populations suggests that perhaps they have been undisturbed
during their relatively recent evolutionary history.

Many studies of terrestrial molluscs have cited facultative
or obligate selfing of individuals as a mechanism for reduc-
ing genetic diversity in populations (Selander and Hudson
1976; McCracken and Selander 1980; Jarne 1995). Such
trends are also well-documented in plants (Schoen and Brown
1991). In statistical analyses, the dominant AFLP markers
were interpreted using allele frequencies estimated from
models that assumed Hardy—Weinberg equilibrium of popu-
lations or the complete homozygosity of individuals. This
approach let us obtain ranges of potential values that could
have been found in the organisms studied. Genetic diversity
is rapidly lost in selfing species (Jarne 1995), and effects can
be especially pronounced when relatively few individuals
colonize a new population (Selander and Kaufman 1973). In
cases where high selfing rates appear to be common, the
presence of distinct genetic “strains” of organisms have gen-
erally been detected within populations. In this study, how-
ever, no two individuals yielded identical AFLP marker profiles
(Fig. 2), providing strong evidence that obligate selfing does
not occur in the four populations examined. As a result, esti-
mates of within-population genetic variation are likely greater
than the estimates of Hy,, listed in Table 1. In fact, diversity
estimates observed from most populations in this study were
generally more comparable with those observed in 23 out-
crossing species summarized by Jarne (1995) (outcrossers:
average expected gene diversity = 0.130; mixed maters:
average expected gene diversity = 0.130; selfers: average ex-
pected gene diversity = 0.04). The population at -9M, how-
ever, had diversity estimates closer to typical selfing species
(Hyw = 0.0858, Hyom = 0.0608). At this point, the possibility
that differences in reproductive strategy exist among popula-
tions cannot be ignored; the ~9M population perhaps con-
tains a high proportion of facultative selfers. Future genetic
analyses relying on the use of codominant markers would
likely assist in making such inferences, as would experiments
designed to assess the potential for selfing in these natural
populations.

It should be noted that the studies included in Jarne’s
(1995) review were based on isozyme techniques. Currently
there are insufficient data to compare the results of protein-
based genetic markers with the AFLP markers employed in
this study. The range of diversity values possible for a locus,
however, is a function of the number of alleles present at
that locus. In Jarne’s (1995) review, outcrossers averaged 1.6
alleles per locus per population; this is in accordance with
the conventional treatment of dominant markers as simple
two-allele systems (Lynch and Milligan 1994; Weir 1996).

Genetic differentiation of populations

Estimates of genetic structure, as quantified through the
use of F statistics, AMOVA, and exact tests, suggest that
population differentiation is extensive. The estimates of among-
population variation (Qw = 0.59, 8y, = 0.68, ®st = 0.69)
are all in excess of five of the six terrestrial slug species
studied by Daniell (1994). Fg estimates from this report

Table 4. Identities of the 24 polymorphic Cyrb nucleotides observed out of the 356 sequenced.

Nucleotide position

105 136 170 171 191 192 216 246 264 285 291 309 315 339 342 345 351 354

093

023 048 054 075

006

Population

C

Three Lakes

-9 Mile Spring

Indian Gardens
Vaseys Paradise

C

Note: Dashes indicate the presence of nucleotides identical to those seen in the Three Lakes individuals. The S at position 170 indicates the presence of a guanine or cytosine residue. The numbered

positions in boldface type code for amino acid changes: position 105, A-T mutation changes threonine to leucine; position 136, T-G mutation changes leucine to valine; position 170, G-C mutation

changes threonine to serine; position 191, G-A mutation changes serine to asparagine; position 291, A~G mutation changes threonine to leucine.

T
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Fig. 4. Unrooted phylogenetic trees generated from the parsimony analysis of two mitochondrial genes. The 263 bp of sequence from
the Coxi gene produces a 14-step tree with a consistency index of 1.0. The 362 bp of sequence from the Cytb gene produces a 27-step
tree with a consistency index of 0.963. Branch lengths from each tree are given. Numbers in large type are bootstrap values obtained

from 100 bootstrap replicates.

Indian Gardens
1
Three
86 Lakes

-9 Mile s >

Vaseys Paradise

CoxlI

ranged from 0.19 to 0.66. Other studies of land snails have
reported Fgy values of 0.065 and 0.116 for two Mesomphix
species (Stiven 1989), 0.301 for Theba pisana (Johnson 1988),
0.535 for distant populations of Albinaria corrugata (Schil-
thuizen and Lombaerts 1994), 0.128 for Helix aspersa
(Lazaridou-Dimitriadou et al. 1994), and a range of 0.0767~
0.5675 in six species of Chondrinidae (Boato 1988). Over-
all, it is apparent that terrestrial molluscs display a wide
variety of genetic-differentiation patterns.

Jarne (1995) summarized patterns of among-population
genetic heterogeneity from 31 studies of land snails using
Nei’s (1987) Gsr, another Fgy analog. Here, selfers had aver-
age Ggr values of 0.775 while outcrossing species had aver-
age Ggy values of 0.231. Species classified as mixed maters
had average among-population diversity estimates of 0.447.
While estimates of among-population variation in southwest-
ern ambersnails appear to be higher than those seen in other
outcrossing terrestrial molluscs, it is important to consider
that Fgy, 6, and ®st values may not be comparable among
studies, simply because computational methods (see for ex-
ample Holsinger 1999) and genetic markers can differ. Ad-
ditionally, population distances and locations vary among
studies. However, if taken at face value, the estimates of
among-population genetic variation in southwestern Oxyloma
appear to exceed typical values observed in outcrossing land
snail populations.

Illustrative of the high levels of differentiation are the re-
sults of per-locus Fisher’s exact tests. In these analyses, all
but one of the 110 markers surveyed significantly differed in
frequency among populations. In the analysis of all pairwise

Three

Indian Gardens 96 Lakes #1

-9 Mile

Vaseys Paradise

Cytb

combinations of populations, between 55 and 67 markers
(50-61%) differed in frequency in pairs of contrasts (Ta-
ble 2). Overall, these findings suggest long-term separation
of the four populations, perhaps since the Pleistocene Epoch.
If so, these populations are relics of what might have been a
greatly expanded range in more mesic times. Alternately,
this pattern could also have been produced by a scenario in
which relatively few individuals initially colonized some or
all of the sites in more recent times. The Grand Canyon re-
gion was extensively surveyed for Oxyloma populations be-
tween 1991 and 1996 (Sorensen and Kubly 1997, 1998;
Stevens et al. 19974, see footnote 2), and no additional pop-
ulations were discovered that could have acted as sources.
However, the formation of Lake Powell upriver from Glen
Canyon Dam destroyed vast quantities of riparian habitat on
the Colorado River upstream of ~9M and VP. Ambersnail
populations may have existed previously in these upstream
reaches and provided colonists for downstream sites.

Relationships of populations

The analyses of both nuclear AFLP and mitochondrial se-
quence data yielded the unexpected finding that the taxon-
omy of southwestern Oxyloma may be incorrect. Specifically,
the KAS-3L population and the NAS-IG population appear
to be more similar than the KAS-3L and KAS-VP popula-
tions (Figs. 2-4). While a formal investigation has not yet
been undertaken, morphological examinations of KAS have
suggested that this subspecies is distinct from O. h. haydeni
and that KAS deserves specific rank status (Pilsbry 1948;
Harris and Hubricht 1982; Spamer and Bogan 1993). The
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genetic data, however, strongly suggest that taxonomic criteria
distinguishing KAS from NAS require re-evaluation. Cur-
rently, nomenclature is based mainly on differences in the
penial complex of these organisms. Both the nuclear AFLP
markers and mitochondrial sequence data, however, indicate
that the KAS-3L and NAS-IG populations are more closely
related than the two protected KAS populations currently
designated as endangered (3L and VP), suggesting that this
anatomical character is phylogenetically misleading. Mor-
phology has long been a source of confusion in molluscan
systematics (see for example Williams and Mulvey 1997). In
fact, genetic data have provided strong evidence in at least
one other case that a reliance on reproductive anatomy (spe-
cifically phallus shape) has led to a species of land snail
being placed in the wrong genus (Johnson et al. 1986).

Application of AFLP and sequence data for mollusc
conservation and management

This study relied on the use of both highly variable AFLP
markers and conserved mitochondrial gene sequences. The
former provided estimates of within-population genetic di-
versity and estimates of population structure, and posed pos-
sible relationships for the four populations investigated. The
mitochondrial sequence data provided an alternate approach
for characterizing population-level evolutionary relationships.

Extensive debate has taken place concerning the definition
of units for conservation efforts (see, for example, Moritz
1994; Waples 1998; Paetkau 1999; Taylor and Dizon 1999).
Regardless of definition, this study showed that each popu-
lation is genetically distinct and that, assuming long-term
separation of populations, each may warrant individual pro-
tected status. Without question, extensive differences in nuclear-
allele frequencies exist among populations, and limited
sequencing of the mitochondrial genome also suggested such
patterns. Currently, only the KAS populations at VP and 3L
are protected as endangered species. The -9M and IG NAS
populations are not federally listed, an unfortunate situation
considering this taxon’s restricted distribution and habitat in
the southwestern U.S.A. Furthermore, the habitats of all four
populations are, at least in part, at risk from human impacts.
The IG population, however, apparently has not suffered from
the extensive modification of its habitat as part of a National
Park Service campground. Perhaps sustainable Oxyloma popu-
lations can persist under relatively high levels of anthropogenic
disturbance provided that suitable habitat is maintained.

Based on these findings, a genus-wide revision of North
American Oxyloma based on molecular data may be required
to completely address the endangered status of ambersnails
in the southwestern U.S.A. In addition, a formal phylogenetic
treatment of morphological characters in Oxyloma would ap-
pear to be in order. At this time, it appears that the Endan-
gered Species Act may, in fact, be arbitrarily applied to 3L
and VP snails.
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